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Highlights:
• A replication study was made of SNPs most closely associated with hair morphology variation in Europeans (assigning straight, wavy and curly hair phenotypes).
• Analysis of 670 samples from seven European populations revealed the strongest association for rs11803731 in TCHH, rs7349332 in WNT10A and rs1268789 in FRAS1.
• Applying three different mathematical models to assess the predictive capacity of the SNPs indicated neural networks gives the best performing model to predict straight hair with high sensitivity and better specificity than logistic regression and CRT methods.
• The combined TTGGGG SNP genotype (rs11803731-rs7349332-rs1268789) was identified as the best predictor, giving greater than 80% probability of straight hair.
• The reported study is the first assessment of the forensic suitability of hair morphology as an externally visible characteristic. The results provide the basis for extended analyses of SNPs associated with this trait.
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Abstract
DNA-based prediction of hair morphology, defined as straight, curly or wavy hair, could contribute to an improved description of an unknown offender and allow more accurate forensic reconstructions of physical appearance in the field of forensic DNA phenotyping. Differences in scalp hair morphology are significant at the worldwide scale and within Europe. The only genome-wide association study made to date revealed the Trichohyalin gene (TCHH) to be significantly associated with hair morphology in Europeans and reported weaker associations for WNT10A and FRAS1 genes. We conducted a study that centered on six SNPs located in these three genes with a sample of 528 individuals from Poland. The predictive capacity of the candidate DNA variants was evaluated using logistic regression; classification and regression trees; and neural networks, by applying a 10-fold cross validation procedure. Additionally, an independent test set of 142 males from six European populations was used to verify performance of the developed prediction models. Our study confirmed association of rs11803731 (TCHH), rs7349332 (WNT10A) and rs1268789 (FRAS1) SNPs with hair morphology. The combined genotype risk score for straight hair had an odds ratio of 2.7 and these predictors explained 8.2% of the total variance. The selected three SNPs were found to predict straight hair with a high sensitivity but low specificity when a 10-fold cross validation procedure was applied and the best results were obtained using the neural networks approach (AUC=0.688, sensitivity=91.2%, specificity=23.0%). Application of the neural networks model with 65% probability threshold on an additional test set gave high sensitivity (81.4%) and improved specificity (50.0%) with a total of 78.7% correct calls, but a high non-classification rate (66.9%). The combined TTGGGG SNP genotype for rs11803731, rs7349332, rs1268789 (European frequency=4.5%) of all six straight hair-associated alleles was identified as the best predictor, giving >80% probability of straight hair. Finally, association testing of 44 SNPs previously identified to be associated with male pattern baldness revealed a suggestive association with hair morphology for rs4679955 on 3q25.1. The study results reported provide the starting point for the development of a predictive test for hair morphology in Europeans. More studies are now needed to discover additional determinants of hair morphology to improve the predictive accuracy of this trait in forensic analysis.
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Introduction
Genetic prediction of traits that help define a person's appearance, known as Forensic DNA Phenotyping (FDP) significantly extends the range of DNA-based tools that can be used for intelligence. Together with gender determination, the inference of biogeographic ancestry (BGA) and age estimation, DNA-based prediction of externally visible characteristics (EVCs) can help to initiate a detailed description of an unknown individual in criminal cases without any suspects or entries in DNA profile databases [1] [2] [3] [4] [5] . Prediction of EVCs is also useful in anthropological studies or to add focus in the identification of missing persons. So far, eye colour has been the most thoroughly researched visible characteristic, with a marked success achieved for blue and brown eye colour prediction [e.g. 6-9] closely followed by genetic prediction of hair colour, with high predictive accuracy for red hair [10] [11] [12] . The characteristics of scalp hair collectively provide a very distinctive feature of human appearance, therefore these traits represent a very promising field of FDP. Not only prediction of hair colour, but also hair loss, hair greying and hair morphology are informative for the description of appearance. Recently, the initial development of predictive DNA tests for male pattern baldness was completed, showing that prediction is viable when supported with age estimation and inference of biogeographic ancestry [13] .
Hair morphology is a highly conspicuous trait in humans that varies between populations of different biogeographic ancestry and is particularly variable among Europeans. African and Melanesian populations are characterized by the presence of tightly curled hair, Asians predominantly have straight hair which is also thicker than hair in Africans and Europeans, whereas in European populations 45% of individuals have straight hair, 40% have wavy hair and the remaining 15% curly hair [14] [15] . The morphology of hair has been shown to be highly heritable: reaching 85-95% heritability [16] . However, very little is known about genetic determinants beyond variation in hair textures. It has been suggested that hair straightness/curliness is programmed within the hair follicle and is determined biologically by the distribution and type of hair keratins as well as different cell types within the hair [17] [18] [19] . The structure of the inner root sheath (IRS) of the hair follicle and the types of keratins plus other proteins present are particularly important in molding and strengthening hair structure [20] [21] [22] .
Recent studies conducted on East Asian populations have revealed two genes and coding single nucleotide polymorphisms (SNPs) within each, EDAR (rs3827760) and FGFR2 (rs4752566) to 5 be the variants that are most strongly associated with thick and straight hair in East Asians [23] [24] [25] . The straight hair-associated G allele in rs3827760 is however almost completely absent in European and African populations, suggesting convergent evolution of straight hair by different pathways in Europeans and East Asians. So far, only one genome-wide association study (GWAS) has been conducted on European populations by Medland et al. in 2009 , revealing the Trichohyalin gene (TCHH) on chromosome 1 (chr1) to be a major hair morphology gene [26] .
Trichohyalin is highly expressed in the IRS layer of the hair follicle and provides mechanical strength by crosslinking both to itself and to other proteins during formation of the cornified cell envelope (CE) -the outermost layer of the hair follicle [20] . Four SNPs located within or near the TCHH gene were found to be statistically significant for hair morphology determination. These are rs17646946, rs11803731, rs4845418 and rs12130862, that in combination explain ~6% of the total variance of hair morphology in Europeans [26] . No other genes reached genome-wide significance in Medland's study. However, suggestive associations with hair morphology were also observed for FRAS1 on chr4 (rs1268789) and WNT10A on chr2 (rs7349332) [26] .
Interestingly, the associations of TCHH and WNT10A genes with hair morphology were further confirmed by Eriksson et al. in a study completed after that of Medland [27] .
In the present study, we replicated data for six SNPs (rs17646946, rs11803731, rs4845418, rs12130862, rs1268789, rs7349332) in three genes (TCHH, FRAS1 and WNT10A) identified by Medland [26] , in a Polish sample consisting of 333 individuals with straight hair and 195 with curly/wavy hair. We assessed the predictive capacity of the six SNPs using three different mathematical methods of: logistic regression; neural networks; plus classification and regression trees (CRTs). Prediction models were evaluated using a 10-fold cross validation
procedure. An additional set of 142 males from six other European populations was used to further assess the performance of the developed primary prediction models. Finally, analyses of association with hair morphology were also conducted for 44 SNPs previously identified to be associated with male pattern baldness (MPB), to investigate a possible link between the genetic determination of these two scalp hair traits in males: hair morphology and hair distribution. 
Materials and Methods
Sample collection and phenotyping
Study samples were collected from 670 unrelated individuals from seven European populations: 528 samples from Poland (78.8%), 46 from the Netherlands (6.9%), 31 from the United Kingdom (4.6%), 26 from Denmark (3.9%), 19 from Italy (2.8%), 11 from Germany (1.6%) and 9 from Spain (1.4%). Hair morphology was assessed with a simple three-phenotype scale that categorized hair as straight, wavy or curly. Hair types corresponded to the previously proposed Loussouarn hair structure classification system [14] , comprising: categories I and II for straight hair; category III for wavy hair; categories IV and V for curly hair. Phenotyping was conducted by direct inspection of study participants by a dermatology specialist combined with interview 
SNP selection and genotyping
Six autosomal SNPs were selected for genotyping (rs17646946, rs11803731, rs4845418, rs12130862, rs1268789 and rs7349332) located in the genes: TCHH, FRAS1 and WNT10A; all associated with hair morphology from the only GWA study made of this trait to date [26] . Heilmann et al. recently reported an association of rs7349332 in WNT10A with male pattern baldness [28] . This finding indicated a possible link between genetic susceptibility to human hair loss and hair morphology. In order to address this issue we investigated a set of 44 SNPs, including 23 autosomal and 21 X-linked SNPs, previously reported to be associated with male pattern baldness [28] [29] [30] [31] [32] [33] [34] [35] [36] . Detailed information on all the analyzed polymorphisms is given in Supplementary Table S1 . DNA extraction and genotyping was performed as described previously by Marcińska et al. [13] . Briefly, for most samples, SNPs were genotyped in four single base extension (SBE) assays using the SNaPshot system (Applied Biosystems, Foster City, CA, USA). All details, including reactions conditions, PCR and SBE primers sequences are as described in Marcińska et al. [13] . The UK samples were genotyped with next-generation sequencing using the Illumina MiSeq system. For this purpose, DNA was amplified under identical conditions to the four PCR reactions described above using the same PCR primers. PCR products were then combined, quantified using the Qubit dsDNA high-sensitivity assay kit (Life Technologies) and 50ng of this double stranded product-set was then taken through to the library preparation stage. DNA libraries were constructed using the KAPA Hyper Prep kit for Illumina platforms (Kapa Biosystems, Wilmington, MA, USA) according to manufacturer's directions with 9 cycles of library amplification. Illumina® TruSeq™ adapters were used enabling combination and simultaneous sequencing of 24 DNA samples using the MiSeq 300-cycle v2 reagent kit (Illumina). Raw data was aligned to a bespoke fasta file containing the reference sequences for all amplicons using the mem algorithm within BWA (http://bio-bwa.sourceforge.net/). The resultant SAM files were converted to binary form (BAM files) using SAMtools (http://samtools.sourceforge.net/) and variant calling was made with GATK's Unified Genotyper (v 2.8-1) [37] using default parameters with no downsampling.
Statistical analyses
Population analyses and haplotype inference
Genetic data obtained for 29 autosomal SNPs was tested for Hardy-Weinberg equilibrium (HWE) using Arlequin 3.5 software (http://cmpg.unibe.ch/software/arlequin35). HWE testing provided a necessary check for sequence variation, as deviations from HWE can occur from variants in PCR-primer sites leading to mistyping heterozygotes as homozygotes. However, HWE deviations can also be caused by population stratification, or other genetic factors in the study populations such as inbreeding, selection and genetic drift [38] . Lastly, the inference of SNP haplotypes of linked variants is more applicable than analysis of single SNPs when analyzing arrays of several SNPs in short chromosome segments [39] . Haploview version 4.2 (www.broadinstitute.org) was used to test the degree of linkage disequilibrium (LD) between four closely sited SNPs in TCHH (rs17646946, rs11803731, rs4845418 and rs12130862), and statistical haplotype reconstruction for these SNPs was performed using PHASE v. 2.1 software (http://stephenslab.uchicago.edu/software.html). All genomic positions used in LD analysis and haplotype inference were retrieved from the GRCh37.p13 genome build.
Association testing
The candidate SNPs were tested for association with hair morphology by using the binary logistic regression method with IBM SPSS Statistics v. 22 (SPSS Inc., Chicago, IL, USA). For this purpose hair morphology was categorized as straight vs. non-straight (straight vs. curly/wavy) due to low sample numbers for the curly hair category. Straight hair was coded as '1' vs. curly/wavy hair as '0' and association analyses used the Polish sample set of 333 individuals with straight hair and 195 with curly/wavy hair (75/195 and 120/195 respectively). Detailed characteristics of the Polish population sample set are given in Supplementary Table S2 and Fig. 1. Firstly, univariate association analysis for the six key hair morphology SNPs (rs17646946, rs11803731, rs4845418, rs12130862, rs1268789, rs7349332) was made followed by multivariate regression analysis involving simultaneous testing of the six SNPs as well as inferred TCHH haplotypes. Allelic odds ratios (ORs) with 95% confidence intervals (CIs) and respective P values were assessed for minor and/or major effect alleles (alleles associated with straight hair) categorized in an additive manner. Haplotypes in TCHH with frequencies exceeding 0.5% were included in association analyses considering an additive mode of inheritance. Lastly, the combined effect of applying just the three most strongly associated SNPs selected from multivariate regression analysis, was assessed by estimating the Genotype Risk Score (GRS). The GRS was calculated using a weighted risk allele counting approach, which sums the β parameter values of weighted risk alleles (from logistic regression) for the selected SNPs [35, 40] . The resulting GRS was then tested for association with hair morphology estimating odds ratios, 95%
CI and P values. In the next step, univariate association analyses were performed for the remaining 44 SNPs previously identified to be associated with MPB. The proportion of total variance in hair morphology explained by the tested variables was estimated using the Nagelkerke pseudo-R 2 statistic (IBM SPSS Statistics v. 22).
Prediction modeling
The predictive performance of the studied SNPs was evaluated during the development of prediction models using three approaches: logistic regression, neural networks and classification and regression trees (CRTs). Prediction models were constructed using the full set of 528 Polish samples and were built from the SNPs rs11803731 (TCHH); rs1268789 (FRAS1) and rs7349332
(WNT10A), selected as the most strongly associated from multivariate regression analysis.
Models were tested using 10-fold cross validation, a procedure described in detail in [41] .
Briefly, this method splits data into ten 'k' portions of equivalent number. For each k (k=1,2,...,10) the kth part is excluded and the model built using the data of the other k-1 parts.
Then the prediction error is calculated on the excluded kth part of the data. The final prediction error is estimated by the mean of errors of 10 models built in the cross-validation procedure. The binary logistic regression model was estimated using block entry of variables (entry value 0.05).
In the case of neural networks analysis, Multilayer Perceptron (MLP) was used with one hidden layer and an automatically selected number of neurons. The activation functions were hyperbolic 9 tangent for the hidden layer and softmax for the output layer. Lastly, the CRT algorithm was used with Gini impurity measure, the maximum tree depth of 5, the minimal number of cases in the parents nodes equal to 2 and in the child nodes equal to 1. To avoid over-fitting, trees were pruned with maximum difference in risk equal to 0.25 of standard error. Detailed descriptions of statistical methods used in this study are outlined in [41] for CRTs, in [42] for logistic regression and in [43] for neural networks. To assess the performance of the developed prediction models the summary statistics estimated area under the ROC curve (AUC), sensitivity, specificity and total number of correct calls according to several previous studies of forensic EVC-predictive tests [10, 13, [44] [45] . The final prediction models, developed from the full Polish sample set, were then tested using an independent set of 142 samples from six European populations (Supplementary Table S3 ). All prediction analyses and resulting prediction models were developed using IBM SPSS statistics v.22 software.
Results
Population analyses and haplotype inference
Population analyses and haplotype inferences used 528 Polish individuals comprising 218 females and 310 males. The frequency of straight hair was 62.9% in males and 63.3% in females (Fig. 1) . No significant difference in hair morphology was detected between males and females (P-value=0.998) and no significant impact of age was observed (P-value=0.403, Supplementary between the first three). The distribution of LD estimated by Haploview is shown in Supplementary Fig. 1 . Reconstruction of haplotypes for these four SNPs in one LD block revealed two very common haplotypes: TGAG and AATC, with frequencies of 72.3% and 22.0%, respectively. An additional haplotype AATG (3.9% frequency) and five rare haplotypes (<1%) were reconstructed from the Polish sample (Table 1) .
Association testing
Our replication of the GWAS results reported by Medland et al. [26] centered on univariate association analyses with binary logistic regression for straight vs. wavy/curly hair. Results confirmed the statistical significance of all six SNPs that Medland's study originally identified [26] . The highest significance (P-value=9.77x10 -6 ) was recorded for rs11803731 (TCHH) with an odds ratio (OR) of 2.0 (95% CI=1.5-2.7). According to the Nagelkerke R 2 statistic, this polymorphism explains 5.4% of the hair morphology variation in the studied population. Similar results were obtained for rs12130862, rs17646946 and rs4845418 forming a single LD block with rs11803731 ( Table 2 ). Analysis of the inferred haplotypes showed association of the most frequent TGAG haplotype (72.3%) with curly/wavy hair and the AATC haplotype (22.0%) with straight hair. However, these haplotypes did not show stronger associations to hair morphology compared to rs11803731 genotypes alone. The strongest effect obtained for the AATC haplotype of OR=2.1 (1.5-2.9), P=1.87x10 -5 and R 2 Nagelkerke=5.1%, was similar to the effect of rs11803731 by itself (Table 1) . Association values recorded for rs7349332 (WNT10A) and rs1268789 (FRAS1) were found to be lower than those for SNPs in TCHH with OR=1.6 (95% CI=1.1-2.4, P-value=0.018) and OR=1.4 (95% CI=1.1-1.8, P-value=0.013) respectively. The fraction of hair morphology variation explained by these two SNPs reached just 1.4% and 1.6% respectively ( Table 2) .
Multivariate association analysis, including simultaneous analysis of all six SNPs and
TCHH haplotypes confirmed association with hair morphology for rs11803731 in TCHH, rs7349332 in WNT10A and rs1268789 in FRAS1, with the strongest effect noted for rs11803731 (OR=2.0, 95% CI=1.5-2.8, P-value=1.12x10 -5 ) and weaker effects revealed for rs7349332 (OR=1.7, 95% CI=1.1-2.5, P-value=0.015) and rs1268789 (OR=1.4, 95% CI=1.0-1.8, Pvalue=0.022). This multivariate regression model gave 2 significance of P=3.85x10 -7 and explains 8.2% of the total variation in hair morphology ( Table 3 ). The combined effect of these 3 polymorphisms was further evaluated by estimating the genotype risk score (GRS). GRS was calculated as the weighted number of alleles associated with straight hair and was found to be associated with hair morphology with OR=2.7, 95% CI=1.9-3.9 and P-value=6.64x10 -8 .
Investigation of SNPs previously associated with MPB
Analysis of 44 SNPs previously associated with MPB (androgenetic alopecia) revealed a suggestive association with hair morphology for just SNP rs4679955 (3q25.1). The minor allele rs4679955-A (0.43 allele frequency) was found to increase the odds of straight hair by a factor of 1.4 (95% CI=1.1-1.8, P-value=0.017). From the Nagelkerke R 2 statistic, this SNP explains 1.5%
of variation in hair morphology in the Polish population (Supplementary Table 1 ).
Prediction modeling
Three types of prediction models were developed and then compared for performance. The 10-fold cross validation procedure was applied to 528 Polish samples using logistic regression, neural networks and CRT prediction methods. The prediction models were created using genotype data for rs11803731 (TCHH), rs7349332 (WNT10A) and rs1268789 (FRAS1), the three key predictors selected in multivariate logistic regression. All three prediction models showed high sensitivity of straight hair prediction and significantly lower levels of straight hair prediction specificity (equivalent to sensitivity of curly/wavy hair prediction) as shown in Table 6 . The highest sensitivity of straight hair prediction was obtained with logistic regression (93.2%) and a similar value was obtained with neural networks (91.2%), while noticeably lower with CRT (77.3%). In contrast, the highest specificity of straight hair prediction was obtained with CRT at 34.8%, more than twice that of logistic regression (15.4%). Much lower straight hair prediction specificity compared to sensitivity signifies a reduced ability of the model to detect curly/wavy hair -classified as straight in a significant proportion of samples. Neural networks provided the best balance between sensitivity and specificity (straight hair sensitivity 91.2%, specificity 23.0%) and gave the highest number of total correct predictions (66.9%) of all the methods compared (Table 4) . Moreover, overall accuracy of prediction measured by the area under the ROC curve parameter was highest for neural networks with an AUC=0.688 (Fig. 2, Table 4 ).
Assessing the performance of the developed prediction models using the probability threshold of 50% and the test set of 142 samples confirmed high sensitivity and low specificity of straight hair prediction ( Table 5 ). The highest proportion of correct predictions was obtained with logistic regression (84.5%), while this success rate dropped with neural networks (64.1%) and CRT (61.3%). Due to the fact that the test set had a much higher ratio of straight (128) to curly/wavy hair samples (14) these values confirmed the results obtained for the Polish samples indicating the highest ability of logistic regression to detect straight hair. In contrast, detailed analysis confirmed a much higher ability of neural networks and CRT methods to detect curly/wavy hair as measured by the specificity of straight hair prediction in each case: logistic regression=14.3%, neural networks=35.7% and CRT=50.0%. Predictive success rates in each
European population are given in Supplementary Table S5 . The proportion of correct predictions differed noticeably amongst these population samples and ranged from 54.6% in Germany to 91.3% in Netherlands using logistic regression method, 54.6% in Germany to 68.4% in Italy using neural networks and 56.5% in Netherlands to 77.8% in Spain using CRT. This effect may reflect certain inter-population differences in the genetics of hair morphology, however they can also arise from the very small sample sizes available for this study.
To better describe the predictive accuracy of each model, different probability thresholds were applied in the next stage of analysis. Moving from an initial 50% probability threshold, we assessed prediction success obtained with 60% and 65% thresholds, where probabilities below these values were defined as 'inconclusive results'. The number of inconclusive results was 40% for the 60% probability threshold, but exceeded 70% in logistic regression and CRT applying the 65% threshold (Table 5) . However, the proportion of correct predictions increased, particularly for neural networks and CRT reaching 78.7% and 94.9%, respectively, with 65%
threshold. Notably, the neural network-65% threshold approach gave 50.0% specificity of straight hair prediction, while maintaining high level of sensitivity (81.4%) of straight hair prediction (Table 5) .
A high proportion of inconclusive results (66.9% at 65% thresholds for neural networks)
shows that the available SNP predictors are only informative in a small number of cases.
Therefore, in the next step we performed detailed analysis of genotype combinations for three selected loci and genotype combinations giving the highest confidence of prediction were selected. Four genotype combinations with frequencies between 0.76% and 13.26% were found to provide >70% probability of straight hair (Fig. 3) . The highest confidence of prediction was found with the TTGGGG combination (all six straight-hair associated alleles in rs11803731, rs7349332 and rs1268789; 4.5% frequency in Poland) giving 82-88% probabilities of straight hair, depending on the prediction model type. In 528 individuals from Poland, the TTGGGG genotype was present in 24: 20 phenotyped as straight-haired and two each as wavy-or curlyhaired. In the 142 test-set, this genotype was observed just once and classified correctly as 13 straight-haired. In comparison, analyses of genotype combinations associated with the highest probabilities for curly/wavy hair were ambiguous. No combination of all 6 alleles associated with curly/wavy hair (AAAAAA) was recorded, while 5 associated alleles were at insufficient frequencies to permit proper interpretation (data not present).
Discussion
Hair morphology is a diverse and distinctive feature of human appearance and therefore prediction of individual hair type based on evidential DNA has obvious informative value for investigative purposes. Straight hair is considered to be the derived variant of hair morphology that most likely evolved in parallel in Europe and Asia [23] [24] [25] . The prevalence of straight hair in European populations has been estimated to be 45-50% [14] [15] below the proportion of 63%
in the Polish study sample. This difference may relate to some inter-population variation seen in
Europeans. It has also been suggested that males are ~5% more likely to have straight hair than females, and additionally, curliness of hair in males can increase slightly with age, possibly due to hormonal regulation. However, this effect was not observed in females [26] . In our study, no effect of age and gender on hair morphology was found.
Although hair morphology is evidently highly heritable, very little is currently known about its genetic determination, while just one published GWA study indicated the single gene of TCHH reached genome-wide significance [26] . Our study provides additional evidence for association, confirming that the four tested polymorphisms in or near TCHH are in strong LD (r 2 >0.75).
Eriksson's study demonstrated that each rs17646946-A allele reduces the degree of hair curliness by about 0.29 points on a scale from 0 to 5 [27] . In our study the strongest effect was shown for rs11803731-T increasing the odds of straight hair by a factor of OR≈2.0. According to the results of multivariate association analysis, three other TCHH SNPs did not offer additional information on hair morphology determination, in line with the results of Medland et al. [26] . Among the four SNPs analyzed in the 1q21 region, rs11803731 appears to be the most likely functional variant, although this suggestion needs to be confirmed in additional studies. SNP rs11803731 is a nonsynonymous variant in the third exon of TCHH and produces a methionine to leucine substitution at codon 790. Interestingly, in silico functional annotation using various programs indicates a regulatory rather than a structural effect for this polymorphism [26] . Medland et al. also reported suggestive association with hair morphology for WNT10A and FRAS1 [26] . Association of the 14 intronic rs7349332 SNP in WNT10A with natural variation in hair morphology was also shown by Eriksson et al. [27] . Our study indicates the associations between hair morphology and SNPs rs7349332 in WNT10A and rs1268789 in FRAS1 are weaker than that found for rs11803731 in
TCHH.
The genotype risk score evaluating these three SNP's combined effect, gave a straight hair odds ratio of 2.7, while we estimate that the three loci explain ~8.2% of the total variance in hair morphology in the Polish sample. Analysis of variation in TCHH alone was estimated by
Medland et al. to explain 6% of hair morphology variation in Europeans [26] .
Our evaluations of the predictive performance of the three SNPs with three methods and 10-fold cross validation revealed higher capacity to predict straight hair compared to wavy/curly hair, producing high sensitivity and low specificity of straight hair prediction. The highest predictive values were obtained with neural networks with an overall accuracy of AUC=0.688
and total correct predictions of 66.9%. This method was found to be more accurate than logistic regression which is a commonly chosen method for forensic EVC prediction [11, 13, 44, [46] [47] .
Neural networks belong to the pattern recognition methods that focus on identification of patterns and regularities in complex data and can be considered as worthwhile alternatives to the traditional methods such as logistic regression [43, 48] . Neural networks imitate the neuronal connections in the human brain in a highly simplified model [49] consisting of nodes arranged in one input, several hidden and a single output layers that are all connected. Particular connections are assigned appropriate weights which finally describes the architecture of the optimum neural networks. Neural networks also gave the best results when the prediction models were evaluated using the test set of samples from six European populations. Straight hair sensitivity predictive success ranged from 67.2-89.5%, depending on probability thresholds applied, but these values were lower than those of the 10-fold cross validation used to test the Polish sample set. This difference may be related to different phenotyping regimes used in the case of the Polish samples (assessed by a dermatology specialist combined with interview) compared to the samples from other European populations (in most cases assessed from photographs). Classification of hair morphology from photographs alone can result in a certain level of error, especially in the case of short-haired individuals where distinguishing between straight and wavy hair may be problematic. The application of neural networks was found to be more sensitive in detecting wavy/curly hair (25-50% depending on the probability threshold) in the European test set compared to logistic regression method (0-25%), confirming the results obtained for the Polish 15 samples. The best results were obtained with neural networks applying a 65% probability threshold. The application of probability thresholds is often used in forensic EVC prediction studies [6-7, 13, 50] , as it improves the confidence of prediction. In our study, despite the high level of non-classification at the 65% threshold, the correct call rate increased substantially from 64.1% to 78.7%.
Based on our study of three SNPs explaining only 8% of variation in hair morphology, forensic prediction of this trait should just be made from particular genotype combinations that provide very high probabilities and confidence of prediction. The data indicates that the best straight hair predictor is the TTGGGG genotype (rs11803731, rs7349332 and rs1268789)
containing all six straight hair-associated alleles. This combined genotype gives >80% probability of straight hair. Additional research is the critical next step needed to detect additional more weakly associated markers involved in human hair morphology. Analysis of gene-gene interactions will also be informative, as the role of epistatic effects is often emphasized in the determination of complex traits and such analyses benefitted studies of human pigmentation traits [7, 47, 51] . Recently, a possible link between genetic determination of hair loss and hair morphology has been suggested by Heilmann et al. [28] . This study demonstrated the association of rs7349332 in WNT10A with MPB. Our previous study of MPB in 305 males from 5 European populations failed to detect an association, although a positive impact on the prediction of MPB was noted [13] . In the present study, a suggestive association of rs4679955 on 3q25.1 with hair morphology was detected. This SNP was previously found to be associated with androgenetic alopecia [28] and the effect observed should be investigated further on a larger sample. SNP rs4679955 is located between SUCNR1; a gene encoding succinate receptor 1, and MBNL1; a gene encoding muscleblind-like splicing regulator 1. The role of rs4679955 in the determination of hair morphology and male hair distribution as well as assessment of this SNP's prediction capacity for both of these FDP traits will merit further studies.
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Conclusion
Studies searching for the genetic determinants of human hair morphology can begin to offer a complementary physical trait to the set of EVCs already established for FDP. This first pilot study based on three main hair morphology-associated SNPs in TCHH, WNT10A and FRAS1 found only 8.2% of the trait's variance is explained by these loci. Their genotypes provide a high level of straight hair prediction sensitivity but a much lower level of specificity. Assessments of three prediction methods indicated neural networks provide the best balance between sensitivity and specificity compared to logistic regression. Therefore, we suggest this prediction method is important to consider in the future development of forensic EVC prediction regimes. From the results of our study the TTGGGG genotype of rs11803731, rs7349332, rs1268789 is a good predictor of straight hair and gives >80% probability of straight hair. However, since this genotype is observed in only 4.5% of individuals, more studies of hair morphology are needed in order to select additional markers underlying this trait and to improve its prediction accuracy for forensic application. 
